The gastrointestinal pathogen Helicobacter pylori requires supplementation with either fetal calf serum (FCS), bovine serum albumin (BSA), or (2,6-dimethyl)-␤-cyclodextrin (CD) for growth in a complex or defined medium. Because the availability of medium in which all components were chemically defined would facilitate metabolic studies of H. pylori, growth of the type strain, ATCC 43504, was compared in a defined medium with different growth additives. The dependency of H. pylori growth on FCS or BSA in a defined medium could partially be replaced by dependency on CD and cholesterol when the last two components were both added to the defined medium. Growth and cell yield were not affected by the addition of glucose, but the culture viability (numbers of CFU per milliliter was extended. Because therapeutic antifoams are used to relieve gastrointestinal symptoms we studied whether the unique susceptibility of H. pylori to the emulsifier polyoxyethylene-20-stearylether (Brij 78) was growth dependent or medium specific. The bactericidal activity exerted in buffer at pH 5 was independent of the preculture medium, and a 5-h exposure of the bacteria to 1.28 to 2.56 g of Brij 78 per ml reduced the numbers of viable bacteria by >5 log 10 . The MICs (0.16 to 0.32 g/ml) were lower than the corresponding minimal bactericidal concentrations in different growth media and were affected by FCS or BSA. In conclusion, CD plus cholesterol promotes the growth of H. pylori in a serum-free defined medium in which glucose enhances cell viability. The antibacterial activity exerted by Brij 78 is neither growth dependent nor medium specific. (2, 15, 17, 24) in complex medium for routine laboratory procedures and for large-scale fermentations (5) requires supplementation of the growth medium with blood factors (27). However, (2,6-dimethyl)-␤-cyclodextrin (CD) also supports the growth of H. pylori (23). This has important implications for the production of antigens and enzymes, since H. pylori appears to maintain its biochemical characteristics and antigenic properties in a serum-free medium.
Cultivation of the gastrointestinal pathogen Helicobacter pylori (2, 15, 17, 24) in complex medium for routine laboratory procedures and for large-scale fermentations (5) requires supplementation of the growth medium with blood factors (27) . However, (2,6-dimethyl)-␤-cyclodextrin (CD) also supports the growth of H. pylori (23) . This has important implications for the production of antigens and enzymes, since H. pylori appears to maintain its biochemical characteristics and antigenic properties in a serum-free medium.
Bovine serum albumin (BSA) reduces the toxic effects of fatty acids, which inhibit the growth of H. pylori (11, 14, 21, 25) , and CD probably acts in the same way by binding the toxic metabolites produced by the bacteria. However, blood and serum may contain other growth-stimulatory factors required by helicobacters.
Defined media for H. pylori have been described by Nedenskov (20) and Reynolds and Penn (26) . These media support the growth of different strains in the presence of amino acids and in the presence of amino acids and BSA, respectively. However, very little is known about the nutritional requirements of this pathogen, and its capability to ferment saccharides has been discussed previously. Recent evidence indicates that H. pylori can catabolize glucose (18, 19) . The complete genome sequence of H. pylori, which has been published previously (28) , further increases our ability to understand the biology and evolution of this bacterium, and studies of its growth in a defined medium may replace or complement nuclear magnetic resonance studies (3) .
The purpose of the study described here was to evaluate the growth of H. pylori in a medium in which all components were chemically defined and to determine the effect of an oxidizable substrate on growth yield and cell viability. Furthermore, we investigated whether the antibacterial activity exerted by polyoxyethylene-20-stearylether (Brij 78) (13) was medium dependent because antifoams with similar properties are used as alimentary therapeutic agents.
(Part of this study was presented at the IXth International Workshop on Gastroduodenal Pathology and Helicobacter pylori, Copenhagen, Denmark, 16 to 19 October 1996.)
MATERIALS AND METHODS
Bacteria and growth conditions. The H. pylori type strain, ATCC 43504, was used in this study and was stored at Ϫ70°C in brucella broth (BB; pH 7.0; Difco, Detroit, Mich.) with 10% fetal calf serum (FCS; Gibco BRL, Life Technologies, Paisley, Scotland) supplemented with 20% glycerol (Prolabo, Paris, France). The solid medium was Columbia blood agar, which consisted of 42.5 g of Columbia Agar Base II (Becton Dickinson, Cockesville, Md.) per liter, 15 g of Bacto Agar (Difco) per liter, 7% horse blood, and 1.0% IsoVitaleX (pH 7.3 Ϯ 0.2); BecktonDickinson). The defined medium was prepared as described by Reynolds and Penn (26) , with all the inorganic chemicals, carbon sources, and supplemented amino acids being from Sigma (St. Louis, Mo.), since strain ATCC 43504 is auxotrophic for Met, Ala, Arg, His, Ile, Leu, Phe, and Val. The medium supplements studied were 10% FCS, 0.1% CD (Sigma), 0.5% BSA (fraction V powder; minimum, 98%; Sigma), or 2.0 g of cholesterol (99ϩ%; catalogue no. C 3045; Sigma) per ml. The organisms growing on agar plates and in liquid cultures in flasks on a platform shaker (Unimax 2010; Heidolph, Kelheim, Germany) at 150 rpm at 37°C were incubated in an automatic CO 2 -O 2 incubator (Forma Scientific, Inc. Marietta, Ohio) under microaerophilic conditions (85% N 2 , 10% CO 2 , 5% O 2 ). The growth in liquid medium was monitored at 560 nm, and viable counts (numbers of CFU per milliliter) were determined on Columbia blood agar plates after dilution in phosphate-buffered saline (pH 7.2) and 3 days of incubation at 37°C. Unless stated otherwise, the results presented here are representative of the results of three experiments.
Determination of MICs and MBCs. Bacteria grown for 2 days on Columbia blood agar were washed twice in phosphate-buffered saline by centrifugation at 17,000 ϫ g for 10 min at room temperature and were resuspended in BB supplemented with 10% FCS or defined medium with different supplements. MICs and minimal bactericidal concentrations (MBCs) were then determined by twofold serial dilution of Brij 78 in the respective medium in the presence of approximately 10 6 CFU/ml. After 72 h of incubation, the MIC was determined by reading the optical density at 560 nm, and 10 l from each well was applied with a replicator to large Columbia blood agar plates (120 by 120 by 17 mm). The plates were incubated for 72 h before determination of the MBCs. Brij 78 was tested over a concentration range of 0.01 to 82 g/ml. The MIC and the MBC were defined as the lowest concentrations of the compound giving complete inhibition of growth and Ͻ10 colonies per spot, respectively (28) .
Determination of bactericidal activity in buffer at pH 5. Bacteria grown on Columbia blood agar or on defined agar medium with different additives were washed as described above. The bacteria were then resuspended in sterile 100 mM citrate-phosphate buffer (pH 5). Twofold serial dilutions of the compound in buffer with approximately 10 6 CFU/ml were incubated in microtiter plates for 5 h, and the lowest concentration of the compound reducing the viable counts by Ͼ5 log 10 was determined by dilution and replica plating onto large Columbia blood agar plates, which were read after 72 h of incubation.
RESULTS
Growth of H. pylori in complex and defined media supplemented with FCS or CD. In order to investigate the requirements for growth factors and the compounds involved in the binding of toxic metabolites, BB and defined medium were supplemented with FCS or CD. The results in Fig. 1A indicate that there was no growth of H. pylori in BB alone. The enhancement of H. pylori growth was similar in BB in the presence of 10% FCS or BB in the presence of 0.1% CD, resulting in about 4 ϫ 10 8 CFU/ml and the same loss of viability on further incubation. In defined medium (Fig. 1B) , CD was not able to promote growth. The growth yield in the presence of 10% FCS was good and almost comparable to that obtained in the complex medium with the same additive.
Growth patterns of H. pylori in a defined medium supplemented with different growth additives. In order to find a medium for helicobacters in which all the constituents are chemically defined, the growth of H. pylori was studied in a defined medium with 0.2% glucose and different growth additives. Figure 2 shows the growth patterns in a defined medium supplemented with BSA (0.5%), CD (0.1%), or cholesterol (2.0 g/ml). In this medium, neither CD nor cholesterol alone promoted growth, but the addition of both compounds to the defined medium resulted in growth that was about half of that obtained in the defined medium with BSA. The growth was initiated after a short lag period but ceased after about 24 h of incubation. The optical density was not changed when incubation was prolonged to 72 h.
Effects of different carbon sources on growth and viability of H. pylori in a defined medium. We studied the effects of an additional carbon source on the growth and yield of H. pylori cells by adding 0.2 or 1.0% glucose to defined medium supplemented with 0.5% BSA. No differences in growth or cell yield (numbers of CFU per milliliter) were observed (Fig. 3) . Furthermore, the stimulatory effects of glucose, pyruvate, succinate, or citrate on growth, cell yield, and viability were compared. At a concentration of 0.2%, none of these carbon sources supported growth or enhanced the cell yield in batch culture, and the cell numbers after about 22 h of incubation 
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were approximately 6 ϫ 10 8 CFU/ml in all cultures (Fig. 4) . However, after prolonged incubation, there were marked differences in the levels of reduction of the numbers of viable bacteria in the cultures. All carbon sources improved viability, but glucose had the most notable effect; after 3 days of incubation the viability was not reduced by more than about 1 log 10 , whereas the reduction was about 8 log 10 in the culture without an additional carbon source. In another study (n ϭ 1), the presence of glucose retained a high level of cell viability (Ͼ4 log 10 CFU/ml) for more than 4 weeks (Fig. 5 ). Together these results indicate that in a defined medium, the presence of an oxidizable substrate markedly enhanced the viability of H. pylori but not the cell number.
MIC and MBCs of Brij 78 for H. pylori in different media. The MICs and MBCs of Brij 78 for H. pylori were read in complex and defined media with different supplements. The results in Table 1 indicate that the MICs of Brij 78 were 0.16 to 0.32 g/ml in BB or the defined medium supplemented with FCS or BSA. However, in the defined medium supplemented with CD and cholesterol, the susceptibility to Brij 78 was increased and the MIC was 0.04 g/ml. MBCs in all media were four-to eightfold higher than the MICs.
Susceptibility of H. pylori precultured in different media to Brij 78 in phosphate buffer at pH 5. The antibacterial activity of Brij 78 against H. pylori precultured in different media was determined in 100 mM citrate-phosphate buffer at pH 5. The results presented in Table 1 indicate that the antibacterial activity is bactericidal at a pH possible in the habitat of H. pylori and that the killing mechanism is not growth dependent. Furthermore, there was no difference in susceptibility between bacteria precultured in different media, and the lowest concentration of Brij 78 reducing the number of survival bacteria (numbers of CFU per milliliter) by 5 log 10 after an exposure time of 5 h was 1.28 to 2.56 g/ml.
DISCUSSION
Although H. pylori is a fastidious organism requiring special culture conditions in vitro (29) , good growth is now achieved in many complex media (27) and in the defined medium for helicobacters described by Reynolds and Penn (26) . The growth rates and cell yields in the defined medium in the presence of 0.2% glucose and 0.5% BSA and in a complex medium with 5% fetal bovine serum are comparable (26) . However, conversion to the nonculturable coccoid form was observed to be slower in the defined medium than in the complex medium.
Because the availability of a medium in which all the components were chemically defined would further facilitate biological studies of H. pylori, we compared different growth additives in BB and a defined medium. The level of growth supported by FCS or CD in BB was about the same. However, the inability of CD to support growth in the defined medium indicates that some factor(s) supporting the growth of H. pylori is limiting. The growth-limiting factor could be cholesterol, which was seen to stimulate growth in the presence of CD. However, growth in the presence of cholesterol was not fully comparable to that in the presence of BSA, and the lag phase obtained in the defined medium may depend on enzyme induction.
The inability of CD to support growth in the defined medium shows that BB contains growth-stimulating factors that are present in serum and that CD probably acts by binding toxic metabolites and is not a real growth factor. One growthstimulatory effect of cholesterol may be the reversal of fatty acid inhibition (6).
Ansorg et al. (1) have unique cholesterol glucosides (9, 10, 12) and that most of the bacteria having cholesterol glucosides require cholesterol or serum for growth may explain the growth response obtained by the addition of cholesterol to the defined medium. Despite the results of nuclear magnetic resonance studies (3) and the availability of the genome sequence of H. pylori (30) , which indicate that H. pylori can catabolize glucose (18, 19) , we could not obtain growth enhancement in the presence of glucose in the defined medium as described by Reynolds and Penn (26) . We have no explanation for this discrepancy, but it may depend on strain variations similar to the variations in the requirements for amino acids that have been found. However, if growth is measured only as an increase in optical density, differences in the optical density may be obtained, depending on the enhanced viability (optical density at 560 nm) in the presence of glucose, even though there is no increase in cell number. The extension of the viability of H. pylori for weeks after the cessation of growth in the presence of glucose indicates a slower conversion to the nonculturable form. This may depend on an oxidative metabolism, demonstrated by substrate-enhanced tetrazolium reduction in nonculturable H. pylori (8) . It may also explain the enhanced cell yield and cell viability obtained from the glucose in BB supplemented with CD, as shown by Marchini et al. (16) . Conversion of H. pylori to the nonculturable form in vitro is induced by different agents (22) , and higher amounts of toxic metabolites in complex media probably accelerate this transfer.
The clinical significance of the nonculturable form found in vivo (4) and whether the failure of antibiotic treatment of H. pylori may partially depend on the fact that the nongrowing form is present are being debated.
The bactericidal activity exerted by Brij 78 in buffer at a low pH mimicking the in vivo environment of H. pylori is rapid, and the killing mechanism is neither growth nor medium dependent. These properties make it possible to make the nonculturable form of helicobacters insusceptible to growth-requiring antibiotics (29) . MICs and MBCs are not medium dependent, and a possible difference in the constitution of the cell membrane among H. pylori strains (7) does not affect the susceptibilities of the strains. However, the higher MICs obtained in serum-supplemented media probably depend more on the binding of Brij 78 to serum than on the biochemical characteristics of the bacteria, because the addition of serum to buffer also reduced the bactericidal activity (data not shown).
In conclusion, our results indicate that studies of the growth of H. pylori in a medium in which all constituents are chemically defined are possible in the presence of CD and cholesterol, in which the addition of glucose enhances cell viability. Furthermore, the antibacterial properties of Brij 78 indicate the potential of using this type of compound in the eradication of both growing and nonculturable forms of H. pylori.
